Background: DPP-4 inhibitors exert pleiotropic effects that modulate cardiovascular disease. Results: The DPP-4 inhibitor vildagliptin stimulates ischemia-induced revascularization through eNOS signaling. The angiogenic actions of vildagliptin are mediated by both GLP-1-dependent and -independent mechanisms. Conclusion: DPP-4 inhibitor promotes endothelial cell function via eNOS signaling. Significance: DPP-4 inhibitor could be beneficial in patients with diabetes-related vascular complications.
Diabetes is closely associated with microvascular rarefaction and reduced collateralization in ischemic tissues. These circulatory changes can accelerate vulnerability to ischemic injury and impair wound healing, ultimately leading to lower-limb amputation. In fact, the incidence of diabetes is high in patients with peripheral arterial disease (1) . Promoting the formation of collateral vessels with therapeutic intervention has potential clinical benefits in these patients (2) .
Dipeptidyl peptidase-4 (DPP-4), 3 also known as CD26, is a membrane-bound exopeptidase that cleaves dipeptides from the N terminus of proline-or alanine-containing polypeptides such as glucagon-like peptide-1 (GLP-1). GLP-1 is a potent incretin hormone primarily secreted into the gut by intestinal L cells in response to the presence of nutrients (3). DPP-4 inhibitors are widely used as novel anti-hyperglycemic drugs for the treatment of type 2 diabetes. These drugs inhibit DPP-4, thus increasing concentrations of GLP-1.
DPP-4 inhibitors have a glucose-lowering effect, and recent experimental and clinical studies have also shown that DPP-4 inhibitors such as sitagliptin and alogliptin exert pleiotropic effects that modulate cardiovascular disorders (4 -8) . Treatment with sitagliptin attenuated intimal hyperplasia in response to vascular injury in rats (9) , and both sitagliptin and alogliptin reduced atherosclerotic lesions in a mouse model (10, 11) . Alogliptin treatment was also found to modulate endotheliumdependent vasodilation in mouse aortic segments (12) , and sita-gliptin augments neovascularization by increasing circulating endothelial progenitor cells in vivo (13) . Treatment with sitagliptin in diabetic patients reverses vascular endothelial dysfunction as assessed by increased flow-mediated dilation and also increases circulating adiponectin levels (14) . This drug has also been shown to increase circulating endothelial progenitor cells in type 2 diabetic patients (15) .
In this study, we investigated the effects of the DPP-4 inhibitor vildagliptin on ischemia-induced revascularization processes in vivo. We also examined the potential involvement of GLP-1 and adiponectin, which have vasculature protective actions, in the regulation of the vildagliptin-mediated revascularization.
EXPERIMENTAL PROCEDURES
Materials-The following primary antibodies were purchased from Cell Signaling Technology: phospho-Akt (Ser-473) antibody, Akt antibody, phospho-eNOS (Ser-1177) antibody, eNOS antibody, and ␤-actin antibody. Human DPP-4 antibody was purchased from Abcam (Cambridge, UK). LY294002 was purchased from Calbiochem. Recombinant human GLP-1 and L-NAME were purchased from Sigma. PP2 was purchased from Merck Millipore (Darmstadt, Germany). Recombinant human adiponectin protein generated by a mammalian cell expression system was purchased from BioVendor (Asheville, NC). Vildagliptin was provided as a generous gift by Novartis Pharm AG (Basel, Switzerland).
Animals and Experimental Protocol-Wild-type C57BL6/J mice at 8 -10 weeks of age were obtained from SLC Co., Ltd. (Nagoya, Japan). Age-matched eNOS-deficient (eNOS-KO) and adiponectin-deficient (APN-KO) mice on a C57BL/6J background obtained from the same source were also used in this study. All study protocols were approved by the Institutional Animal Care and Use Committee of the Nagoya University School of Medicine. All mice were housed on a 12-h light/ dark cycle with food and water ad libitum. Mice were given vildagliptin in the drinking water (0.6 mg/ml⅐day Ϫ1 ⅐mouse Ϫ1 ) 3 days before the hind limb ischemia operation, and vildagliptin administration was continued for up to 3 weeks following surgery. To create hind limb ischemia, mice were anesthetized with sodium pentobarbital (30 mg/kg intraperitoneally), and the proximal portion of the femoral artery and the distal portion of the saphenous artery were ligated and excised. At five time points (before surgery and postoperative days 3, 7, 14, and 21), we measured the ratio of the ischemic/normal hind limb blood flow using a laser Doppler blood flowmetry (LDBF) (Moor LDI, Moor Instruments, Inc.) as described previously. To minimize variations due to ambient light, blood flow was expressed as the ischemic/normal hind limb LDBF ratio.
Histological Analysis-At day 21 after surgery, mice were killed by overdose with anesthetics, and adductor muscle tissues were excised. Frozen sections of 5-m thickness were prepared and stained with an anti-CD31 mAb (BD Biosciences) to detect capillary endothelial cells. Capillary endothelial cells were counted using fluorescence microscopy (ϫ200). Five fields from five different muscle samples of each animal were randomly selected for the capillary density analysis.
Cell Culture and Differentiation of 3T3-L1 Fibroblasts into
Adipocytes-Human umbilical vein endothelial cells (HUVECs) were purchased from Cambrex Bio Science Walkersville, Inc. (Walkersville, MD). HUVECs were cultured in endothelial cell basal medium-2; Clonetics) supplemented with EGM-2 MV at 37°C, 5% CO 2 . Mouse 3T3-L1 fibroblasts (American Type Culture Collection) were cultured in DMEM containing 10% fetal bovine serum and then differentiated into adipocytes by DMEM supplemented with 5 g/ml insulin, 0.5 mM 1-methyl-3-isobutylxanthine, and 1 M dexamethasone as described previously (16) .
Tube Formation Assay-The formation of vascular-like structures by HUVECs on growth factor-reduced Matrigel (BD Biosciences) was assessed according to the manufacturer's instructions as described previously (17, 18) . Before the experiment, HUVECs were placed in endothelial cell basal medium-2 for 15 h for serum starvation, and then cells were pretreated with LY294002 (50 M), L-NAME (1 mmol/liter) for 60 min. HUVECs were seeded on Matrigel-coated plates at 5 ϫ 10 4 cells/cm 2 in endothelial cell basal medium and incubated with either vildagliptin (1 nM, 5 nM or 10 nM) or GLP-1 (1 nM, 5 nM or 10 nM) at 37°C for 6 h. In some experiments, HUVECs were treated with combination of vildagliptin (5 nM) and GLP-1 (5 nM). For gene ablation studies, HUVECs were transfected with small interfering RNAs (siRNAs) targeting human DPP-4 (CD26) or unrelated siRNAs (Santa Cruz Biotechnology) by Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. After transfection, tube formation assay was performed. Network formation was assessed using an inverted phase contrast microscope (Olympus, Tokyo, Japan), and photomicrographs were taken at ϫ40 magnification. The degree of tube formation was quantified by measuring the length of tubes in five randomly chosen fields from each well using the ImageJ program. Each experiment was repeated three times.
Plasma Glucose Levels and ELISA Analysis-Plasma glucose levels on postoperative days 7 and 21 were measured using a NIPRO FreeStyle Blood Glucose Monitoring System (NIPRO, Osaka, Japan). Plasma GLP-1, stromal cell-derived factor-1␣ (SDF-1␣), and adiponectin levels on days 7 and 21 after hind limb ischemia were measured by GLP-1 (Active) ELISA kit (Millipore, Billerica, MA), mouse SDF-1␣ ELISA kit (R&D Systems), and mouse adiponectin ELISA kit (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) according to the manufacturer's instructions (19, 20) .
Real-time RT-PCR Analysis-Differentiated 3T3-L1 adipocytes were incubated with GLP-1 or vildagliptin (1, 10, and 100 nM) for 24 h, and then total RNA was isolated from cells. Reverse transcription was performed using 1 g of RNA, random primers, and Moloney murine leukemia virus reverse transcriptase (ReverTraAce-␣ TOYOBO, Osaka, Japan). Quantitative real-time PCR was performed with the Stratagene Mx3000P System (Agilent Technologies) and Power SYBR Green PCR kit (Applied biosystems). Primers used in this study were as follows: adiponectin, 5Ј-GTTGCAAGCTCTCCTGTTCC-3Ј (sense) and 5Ј-TCTCCAGGAGTGCCATCTCT-3Ј (antisense); GAPDH, 5Ј-ACCCAGAAGACTGTGGATGG-3Ј (sense) and 5Ј-CAC-ATTGGGGGTAGGAACAC-3Ј (antisense).
Immunoblotting Analysis-At day 7 after surgery, ischemic adductor muscle tissues were excised and lysed in radioimmune precipitation assay lysis buffer (Thermo Scientific), and the lysate was used for immunoblotting analysis as described previously (21) . HUVECs were incubated with 5 nM GLP-1 (Sigma) or 5 nM vildagliptin for various times, and then cells were lysed in radioimmune precipitation assay lysis buffer, and cell lysates were subjected to immunoblotting. The following antibodies were used: anti-Akt, anti-phospho-Akt (Ser-473), anti-eNOS, anti-phospho-eNOS (Ser-1177), and anti-␤-actin (Cell Signaling).
Statistical Analysis-The data are presented as mean Ϯ S.D. values. Comparisons between two groups were made using Student's t test. Statistical analysis for multiple comparisons among the groups was performed using one-way analysis of variance. p Ͻ 0.05 was considered to indicate a statistically significant difference.
RESULTS

Vildagliptin Enhances Ischemia-induced Revascularization in Vivo-
We first examined the effect of vildagliptin on revascularization processes in response to ischemia. WT mice were subjected to unilateral surgery-induced hind limb ischemia and then treated with either vildagliptin or the vehicle control. All mice survived surgery and appeared healthy during the follow-up period. Fig. 1A shows representative LDBF images of hind limb blood flow at different time points after surgery in vildagliptin-treated mice and controls. Blood flow recovery in the ischemic hindlimb appeared to be accelerated in mice treated with vildagliptin compared with mice treated with vehicle alone. Quantitative analysis of hindlimb perfusion showed that treatment with vildagliptin significantly increased blood flow in the ischemic limbs compared with controls on postoperative days 7, 14, and 21 (Fig. 1B) .
To investigate the extent of revascularization at the microcirculatory level, we also measured capillary density in histological sections harvested from ischemic adductor muscles. Fig. 1C shows representative photomicrographs of muscle tissue stained with the endothelial cell marker CD31. Quantitative analysis of CD31-positive cells revealed that on postoperative day 21, the capillary density in the ischemic adductor muscle was significantly higher in vildagliptin-treated mice compared with vehicle-treated controls (Fig. 1D) . Vildagliptin treatment did not affect capillary density in the non-ischemic adductor muscle (Fig. 1, C and D) .
eNOS Activation Is Essential for Vildagliptin-induced Revascularization in Vivo-Akt-eNOS signaling plays an important role in revascularization following hind limb ischemia (22, 23) . To examine the participation of Akt-eNOS signaling in the observed improvements in revascularization following vildagliptin treatment, the expression and phosphorylation of Akt at Ser-473 and eNOS at Ser-1179 in the ischemic adductor muscle were assessed by Western blot analysis on day 3 after surgery. The expression of total Akt and eNOS protein in ischemic muscles were similar between vildagliptin-and vehicle-treated mice. The extent of phosphorylation of both Akt and eNOS in the ischemic muscle, however, was significantly higher in vildagliptin-treated mice compared with those treated with vehicle control (Fig. 2, A and B) . Vildagliptin treatment did not affect the phosphorylation of Akt and eNOS in the non-ischemic adductor muscle (Fig. 2, A and B) .
To further analyze the potential involvement of eNOS, we also examined the impact of vildagliptin treatment on the revascularization of ischemic muscles in eNOS-KO mice. Treatment with vildagliptin did not improve blood flow recovery in the ischemic limbs of eNOS-KO mice throughout the experimental period (Fig. 2, C and D) . As expected from previous studies, vascularization was also significantly greater in WT versus eNOS-KO mice treated only with vehicle controls. These data reinforce the importance of eNOS signaling for revascularization after ischemia and suggest that the positive effect of vildagliptin on revascularization following surgery-induced ischemia is dependent on eNOS activity.
Effect of Vildagliptin on Plasma Levels of GLP-1 and Adiponectin-Treatment of mice with vildagliptin has been reported to increase circulating GLP-1, SDF-1␣, and adiponectin (24 -26) , which have protective effects on vasculature. We therefore assessed plasma levels of active GLP-1, SDF-1␣, and adiponectin in WT mice treated with or without vildagliptin for 7 and 21 days after induced hind limb ischemia. Vildagliptin treatment did not affect blood glucose levels on days 7 and 21 following surgery in non-diabetic WT mice, as described in previous reports (27) . There were significant increases in active GLP-1 and adiponectin, but not SDF-1␣ in the plasma of WT mice following treatment with vildagliptin compared with treatment with vehicle control on postoperative days 7 and 21 (Table 1) . Vildagliptin Promotes Endothelial Cell Differentiation in Vitro-First, we assessed whether GLP-1 is produced by HUVECs or contaminated in the culture medium. After HUVECs were cultured for 24 h, we collected the conditioned medium and assessed active GLP-1 levels in the medium. However, active GLP-1 could not be detected in the medium.
We next examined whether vildagliptin and/or GLP-1 modulates endothelial cell differentiation into vascular-like structures using HUVECs plated on a Matrigel matrix. HUVECs were treated with vildagliptin, recombinant human GLP-1, or vehicle control. Treatment with vildagliptin or GLP-1 promoted the formation of vascular-like tubes (Fig. 3A) . Quantitative analysis of endothelial cell networks revealed that treatment with vildagliptin or GLP-1 significantly increased the tube length compared with control cultures. The fold change in tube length resulting from GLP-1 treatment was also significantly greater than the change resulting from treatment with vildagliptin in a dose-dependent manner (Fig. 3B) .
We also assessed whether vildagliptin enhances GLP-1-stimulated vascular-like structure. Combination treatment with vildagliptin (5 nM) and GLP-1 (5 nM) significantly increased the tube length relative to GLP-1 treatment (5 nM) (Fig. 3, A and B) . Furthermore, to corroborate these data, knockdown experiments were performed with siRNA against DPP4. Transfection with siRNA targeting DPP4 resulted in 78% reduction of DPP4 expression by Western blot analysis (Fig. 3C) . Knockdown of DPP4 significantly increased endothelial cell differentiation into vascular-like structure (Fig. 3D) .
eNOS Signaling in Vildagliptin-stimulated Endothelial Cell Differentiation in Vitro-It has been reported that GLP-1 can activate Akt-eNOS signaling (28, 29) , so we also assessed the effects of vildagliptin or GLP-1 on the phosphorylation of Akt and eNOS in HUVECs by Western blot analysis. Treatment with vildagliptin slightly increased the phosphorylation of Akt and eNOS (Fig. 4A) . In contrast, GLP-1 treatment strongly stimulated the phosphorylation of Akt and eNOS in a time-dependent manner (Fig. 4B) . Furthermore, combination treatment with vildagliptin and GLP-1 enhanced the phosphorylation of Akt and eNOS compared with GLP-1 treatment (Fig. 4,  A and B) . Neither vildagliptin or GLP-1 had any effect on Akt and eNOS protein levels.
To investigate whether Akt-eNOS signaling participates in vildagliptin-or GLP-1-induced endothelial cell tube formation, HUVECs were treated with the PI3K inhibitor, LY294002, or the NOS inhibitor, L-NAME, and endothelial cell differentiation was assessed. Treatment with LY294002 or L-NAME abolished both vildagliptin-and GLP-1-mediated HUVEC differentiation into vascular-like structures (Fig. 4C) .
Involvement of Src Kinase in Endothelial Cell
Response to Vildagliptin-It has been reported that DPP-4 inhibition mediates rapid vascular relaxation through activation of Src-Akt-eNOS signaling that is independent of GLP-1 (12) . To determine whether Src kinase is involved in vildagliptin-stimulated endothelial cell network formation, HUVECs were pretreated with a Src kinase inhibitor, PP2, followed by treatment with vildagliptin or GLP-1. Treatment with PP2 abolished the stimulatory actions of vildagliptin or GLP-1 on HUVEC differentiation into vascular-like structure (Fig. 5A) . Treatment with PP2 also reduced vildagliptin-or GLP-1-stimulated phosphorylation of Akt and eNOS (Fig. 5B) . Thus, Src kinase contributes in both vildagliptin-and GLP-1-mediated endothelial cell network formation.
Role of Adiponectin in Vildagliptin-mediated Revascularization-In addition to GLP-1, we showed that treatment with vildagliptin enhanced circulating adiponectin levels in limb ischemic mice (Table 1) , so we examined the role of adiponectin in the vildagliptin-mediated improvement of ischemia-induced revascularization. APN-KO mice treated with or without vildagliptin were subjected to hind limb ischemia. Recovery of blood flow in the ischemic limbs of mice treated with vehicle control was greatly reduced in APN-KO mice compared with WT. Treatment with vildagliptin only partially increased the limb flow of ischemic muscle in APN-KO mice (Fig. 6, A and B) .
We next examined the effect of adiponectin on endothelial cell tube formation and phosphorylation of Akt and eNOS. Treatment with a physiological concentration of adiponectin promoted the capillary-like tube formation of endothelial cells, consistent with previous reports (30) . The effect of adiponectin on enhancement of endothelial cell tube formation was similar to that of recombinant human GLP-1 treatment. Combination of adiponectin and GLP-1 significantly promoted the vascularlike tube formation compared with GLP-1 alone (Fig. 6C) .
Treatment of HUVECs with adiponectin also led to an increase in Akt and eNOS phosphorylation consistent with previous reports (30) . The phosphorylation level of Akt and eNOS in response to adiponectin stimulation was similar to that seen with GLP-1 treatment. GLP-1-induced phosphorylation of Akt and eNOS was further enhanced by combination treatment with adiponectin and GLP-1 (Fig. 6D) . Thus, co-treatment with adiponectin and GLP-1 led to an additive increase in endothelial cell tube formation and phosphorylation of Akt and eNOS.
Finally, we investigated whether vildagliptin and GLP-1 directly induced adiponectin expression. Cultured 3T3-L1 adipocytes were treated with vildagliptin or GLP-1, and adiponectin mRNA expression was assessed. Treatment with 1 nM or 100 nM vildagliptin for 24 h did not significantly affect adiponectin mRNA expression in 3T3-L1 adipocytes (Fig. 6E) . In contrast, GLP-1 treatment increased adiponectin mRNA expression in a dose-dependent manner in these cells (Fig. 6F) . The ability of vildagliptin to increase adiponectin levels in mice may therefore be dependent on GLP-1.
DISCUSSION
The present study shows that the DPP-4 inhibitor vildagliptin promotes endothelial cell network formation and revascularization under conditions of ischemic stress. WT mice treated with vildagliptin had greater recovery of limb perfusion and enhanced capillary density compared with untreated mice, and this improvement was accompanied by increased levels of circulating GLP-1. Treatment with vildagliptin or GLP-1 also led to enhanced endothelial cell differentiation. DPP-4 inhibitors therefore improve revascularization under ischemic conditions.
It is well established that eNOS is beneficial for various types of vascular disease (22, 23) . We showed that vildagliptin increased phosphorylated eNOS levels in ischemic muscles and that the ability of vildagliptin to enhance revascularization was abrogated in eNOS-KO mice. Consistent with these observations, previous studies have shown that phosphorylation of eNOS in heart tissue was increased in linagliptin-treated Zucker obese rats (31) and that sitagliptin increased eNOS activation in ischemic muscle (13) . It was also reported that treatment of GLP-1 regulated eNOS activity in endothelial cells in vitro (28) . Collectively, these data suggest that vildagliptin promotes revascularization in the ischemic state by activating eNOS signaling.
A number of studies have shown that GLP-1 attenuates ischemia-induced myocardial damage and atherosclerotic lesion formation (3) and promotes angiogenesis in endothelial cells through the Akt, PKC, and Src pathways (29) . Previous reports also indicate that inhibition of DPP-4 directly regulates the endothelial cell growth and migration induced by inflammatory cytokines (32) . In the present study, vildagliptin increased circulating GLP-1 levels 1.8-fold in WT mice, in agreement with previous reports (27, 33) . In HUVECs, GLP-1 enhanced AkteNOS signaling and promoted the formation of capillary-like structures to a greater extent than vildagliptin, but the ability of vildagliptin to mediate these effects with no GLP-1 in HUVECs suggests that the vasculo-protective effects of vildagliptin occur at least partially through a mechanism that is independent of GLP-1. Inhibition of Akt-eNOS signaling effectively abrogated both vildagliptin-and GLP-1-mediated endothelial cell differentiation, indicating that the activity of both these agents is dependent on this signaling pathway.
The ability of GLP-1 to increase adiponectin levels is likely to contribute to revascularization in our experimental design.
Adiponectin is an adipocytokine that is down-regulated in obesity-linked diseases and exerts protective actions on a variety of metabolic and cardiovascular disorders (30, 34 -36) . Experimental studies have shown that adiponectin has favorable effects on vascular function by direct action on vascular component cells. Vildagliptin-induced revascularization was associated with increased levels of GLP-1 and adiponectin, and APN-KO mice exhibited impaired revascularization in response to hind limb ischemia. Adiponectin also stimulates phosphorylation of eNOS, which is associated with enhanced endothelial cell migration and differentiation into capillary-like structures (30) . In the present study, treatment with GLP-1, but not vildagliptin, significantly increased adiponectin expression in differentiated 3T3-L1 adipocytes. Furthermore, treatment with vildagliptin in APN-KO mice did not restore overall ischemic limb perfusion. Consistent with these findings, the GLP-1 receptor agonist exendin-4 was found to directly induce the expression of adiponectin in differentiated 3T3-L1 adipocytes (37) . Clinically, sitagliptin treatment has been shown to improve vascular endothelial function, which was accompanied by increase in circulating adiponectin levels in diabetic patients (14) . The beneficial actions of GLP-1 on the protection of cardiovascular tissues to stress might therefore be mediated, at least in part, by its ability to increase adiponectin production.
In conclusion, our data demonstrated that the DPP-4 inhibitor vildagliptin stimulates ischemia-induced revascularization via an eNOS-dependent mechanism. The vasculo-protective activities of vildagliptin in vivo are mediated by both GLP-1-dependent effects and the direct actions of vildagliptin. The beneficial actions of GLP-1 on revascularization in vivo are mediated, partly through its ability to increase adiponectin production (Fig. 7) . In addition to its glucose lowering effect, 
